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Biology of cardiomyocyte death and 
its clinical translation
Tetsuji Miura, MD, PhD, FACC, FAHA, FESC
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Sapporo Medical University School of Medicine
Sapporo Japan
Retirement Lecture
March 12, 2021 
Major research subjects in the past three 
decades.
• Factors that determine myocardial infarct size
• Mechanism of ischemic preconditioning (transient 
ischemia-induced delay in infarction)
• Cardiomyocyte death as a cause of irreversible 
progression of chronic heart failure
• Diabetic cardiomyopathy – a growing etiology of 
chronic heart failure
• Mechanism of cardio-renal syndrome
• Google scholar (Jan 18, 2021)
Total citation = 12,392, H-index = 65, i10 index = 183
A major role of cardiomyocyte death in 
cardiovascular diseases
• Ischemic Heart Disease
• Acute myocardial infarction
• Ischemic cardiomyopathy




-- Different etiologies and different phenotypes 
of cell death in these cardiac diseases
Determinants of 
infarct size in acute 
myocardial infarction
• Size of the territory of an 
occluded artery (area at 
risk)
• Duration of coronary artery 
occlusion
• Myocardial oxygen 
demand





• Size of area at risk Miura T, et al. J Am Coll Cardiol. 1987;9(3):647-54
Miura T, et al. Basic Res Cardiol. 1988;83(2):128-36
Miura T,  et al. Am J Physiol. 1988;254:H855-61













































ンドリア透過性遷移孔 (mitochondrial permeability 
transition pore, mPTP) －これらについては後で説
明します－が関与することを仮説として、それぞれ
connexin-43 と GSK-3 βの役割に注目しました。
　IPC により起動される主なシグナル伝達経路とそ
Miura T, Yoshida S, Iimura O, Downey JM.
Am J Physiol. 1988 May;254(5 Pt 2):H855-61.
Normalized collateral flow (%) during
DOB infusion
Normalized collateral flow (%) before
the onset of DOB infusion
8 min 20 min
DOB 5 h 
48 h 
*Microspheres for RMBF determination
- High reproducibility across various animal 
species 
- Extrapolation of the concept to other 
organs such as the brain, artery and 
kidney
- A work that led to discovery of myocardial 
salvage by intracellular signaling 
mechanisms.
- Citation more than 6,000 times to date 
Ischemic preconditioning in patients 
with coronary artery disease
• Preinfarction angina reduces infarct size.
• Lønborg J, et al. Eur Heart J Cardiovasc Imaging. 
2012;13:433-43, Reiter R, et al. Circ Cardiovasc Interv. 
2013;6:52-8.
• Preinfarction angina reduces ventricular dysfunction 
after infarction.
• Kloner RA, et al. Circulation. 1995;91:37-45, Noda T, et al. J 
Am Coll Cardiol. 1999;34:1966-74.
• Preinfarction angina attenuates post-infarct 
ventricular remodeling.
• Solomon SD, et al. J Am Coll Cardiol. 2004;43:1511-4, 
Papadopoulos CE, et al. Cardiovasc Revasc Med. 2011;12:286-
91.
Mechanisms of ischemic preconditioning
• Activation of multiple receptors that trigger intracellular signal 
pathways: adenosine A1 and A2b, bradykinin B1, angiotensin II type 1, 
δ-opioid and TNF-α receptors.
• Miura et al. Circulation 1992, Tsuchida Cardiovasc Res 1992, Miki et al. J Am Coll 
Cardiol 1996, Miura et al. Cardiovasc Res 1998, Ichikawa Cardiovasc Res 2004, Miura 
et al. Am J Physiol Heart Circ Physiol 2007.
• Presence of multiple and compensatory signal pathways leading to 
protection afforded by IPC.
• Miki et al. Circulation 2000, Tsuchida et al. Basic Res Cardiol 2001, Ohnuma et al. Am J 
Physiol Heart Circ Physiol 2002, Nozawa et al. Basic Res Cardiol 2003, Nishino et al. 
Cardiovasc Res 2004, Miki et al. J Pharmacol Exp Ther 2006
• Targets of pro-survival signaling: connexin-43 in the gap junction and 
GSK-3β that interact with the mitochondrial permeability transition 
pore.
• Miura et al. Am J Physiol Heart Circ Physiol 2004, Naitoh et al. Cardiovasc Res 2006, 
Nishihara et al. Am J Physiol Heart Circ Physiol 2006, Nishihara et al. J Mol Cell 
Cardiol 2007, Naitoh et al. Am J Physiol Heart Circ Physiol 2009, Miura et al. Am J 
Physiol Heart Circ Physiol 2010, Terashima et al. J Mol Cell Cardiol 2010, Hotta et al. 
Circ Res 2010.




























　IPC によって G 蛋白連関受容体の活性化、ミトコ
ンドリア ATP 感受性 K+ チャネルの開口、シグナル
伝達物質としての活性酸素 (reactive oxygen species, 




















A scheme of signal transduction pathways in protection afforded by ischemic 
preconditioning (IPC) based on the available data. Miura T, J Mol Cell Cardiol 2014
Miura T, et al. Am J Physiol Heart Circ Physiol. 2007;293:H1425-31, Naitoh K, et ak. Am J Physiol
Heart Circ Physiol. 2009;296:H396-403.
Proposed roles of the gap junction and connexin-43 (Cx43) in infarct size limitation by IPC. GPCRs, G protein-coupled receptors; mKATP ch, 
mitochondrial KATP channel; mCx43, mitochondrial Cx43; ROS, reactive oxygen species; NCX, Na+/Ca2+ exchanger.
DOI: (10.1152/ajpheart.00879.2009) Miura T, Miki T, Yano T. Am J Physiol Heart Circ Physiol. 2010 ;298:H1115-25.
A model of mPTP complex, a regulator of 
mitochondrial bioenergetics and cell death/survival
• Dimers of F0F1 ATP synthase form an mPTP channel, while cyclophilin D 
and GSK-3β play regulatory roles in its opening.
Miura and Tanno, Cardiovasc Res 2012;94:181-9, 












































Loss of membrane potential:
Bioenergetically inefficient
Cell death
図 8 図 10
図 9
図 11
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　このスライド（図 11）は我々の mPTP 複合体のモ




　GSK-3 βという蛋白キナーゼが mPTP 制御に関与









































介した GSK-3 βリン酸化と、ERK を介した GSK-3











の直接的な機序である mPTP の制御には、GSK-3 β
GSK-3β regulates the mPTP and cardiomyocyte necrosis 
after ischemia/reperfusion
• Thresholds for mPTP opening in cardiomyocytes were elevated by knockdown 
of GSK-3β or by inhibitory phosphorylation of GSK-3β at Ser9 (Juhaszova et al. 
J Clin Invest 2004).
• Level of p-Ser9-GSK-3β at 5 min after reperfusion predicted infarct size 2 h 
after reperfusion (Nishihara et al. Am J Physiol 2006)
• Phosphorylation of GSK-3β at Ser9 was associated with infarct size limitation 
by ischemic preconditioning and multiple protective agents (Tong et al Circ Res 















































* † *† 
Control  SB (0.6)  SB (1.2)  SB-R
Inhibitors of GSK-3
Pre-ischemia Tx Pre-reperfusion Tx
Effects of suppression of DUSP5 expression or PHLPP1 expression on 




































































Possible cross-activation of ERK- and Akt-
mediated signaling in mitochondria
Ohwada W, et al. Biochim Biophys Acta Mol Basis Dis. 2020 1866(10):165851. 
©2014 by American Society for Biochemistry and Molecular Biology
Translocation of active GSK-3β to 
mitochondria by interaction with VDAC2 
Promotion of ROS production
Opening of the mPTP
Cell necrosis 
Changes in LDH release were parallel 
with those in ROS production. 
Effects of VDAC2 knockdown on mPTP opening and cell 
necrosis by oxidant stress. 
































































Modification of  pro-survival signal pathways by 
concurrent diseases
• Different co-morbidities impair different steps in signal 
transduction pathways.
− Post-infarct remodeling (Miki et al. Circulation 2000, Miki et al. 
Basic Res Cardiol 2007), diabetes (Miki et al. Diabetes 2009, 
Hotta et al. Circ Res 2010), hypertension (Yano et al. 
Hypertens 2011), chronic kidney disease (Nishiazawa et al. 
Hypertens 2016, Tobisawa et al. Basic Res Cardiol 2017)
• Impairment of pro-survival signaling reduces 
myocardial tolerance to ischemia/reperfusion injury 
and/or induces resistant to protective agents.
Cardiomyocyte death as a major 
cause of irreversible progression of 
heart failure
• Loss of contractile units in the ventricle
• Limited adaptation by hypertrophy of 
viable cardiomyocytes
• Response of interstitial cells to dead 
cardiomyocytes
• Roles of necroptosis, autophagy, and 
their crosstalk in progression of chronic 
heart failure
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Necroptosis pathways and 
hypothesis of their crosstalk with 
















































ました（図 22）。さらに、核のリン酸化 MLKL レベ
Necroptosis was not inhibited by inhibitors of mPTPs, 
though a RIP1 inhibitor and RIP3 knockdown were 
protective.
Ogasawara et al. J Mol Cell Cardiol 2017
Abe K, et al. Biochim Biophys Acta Mol Basis Dis. 2019;1865(12):165552. 
Proposed mechanism by which mTORC1 inhibition suppresses 
necroptosis
mTORC1 activity was higher in patients with DCM and 
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Summary and Conclusion
• Hemodynamic parameters that determine the extent of myocardial 
necrosis have been fully characterized.
• We have characterized roles of two necrosis-inducing effectors of anti-
survival signaling, the gap junction and the mitochondrial permeability 
transition pore, and their regulatory mechanisms in cardiomyocytes.
• Pro-survival signaling pathways in cardiomyocytes are impaired by 
diabetes mellitus, hypertension, heart failure and chronic renal failure.  
The impairments lead to augmentation of injury and/or loss of 
response to protective interventions in the heart.
• We have just started to understand the role of necroptosis in 
progression of heart failure in animal models and patients with 
cardiomyopathy.  
• An understanding of cardiomyocyte loss in the heart from the 
viewpoints of hemodynamics, cytoprotective ligands, intracellular pro-
survival signal pathways, modification of the signaling by risk factors 
or drugs, and multiple mechanisms of cell death is crucial for 
designing a novel therapy to arrest progression of heart failure.
Representative images of immunohistological staining for 
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